Methods for extracting the Unitarity Triangle angle φ 3 from B decays to final states incluing a D meson are reviewed. The current experimental status and future prospects are summarized.
Introduction
The angle of the Unitarity Triangle φ 3 is defined as φ 3 ≡ arg −V ud V In what follows, the magnitude of the ratio of the b → u (suppressed) to b → c (favoured) amplitudes will be denoted as R, whilst the relative strong phase will be denoted as δ. Averaging over charge conjugate states is implied for branching fractions (denoted by B); in other places the meaning should be clear from the context.
φ 3 From B → DX s

Phenomenology
Of methods of this type, one of the first to appear in the literature was proposed by Gronau, London and Wyler (GLW) [1] . Most methods to extract φ 3 from B → DX s decays can be considered as variants of this technique. can then be used to derive the CP asymmetries,
(1)
It is apparent that in order for CP violation to be observable, δ DK − (in addition to φ 3 ) must be non-zero. Furthermore, in order to extract the value of φ 3 , either or both of R DK − and δ DK − must be known. 
− are predicted to be similar in magnitude, the doubly Cabibbo-suppressed D decays preclude this approach.
Nonetheless, there is sufficient information to extract φ 3 , if the ratios of branching fractions to CP eigenstates and to quasi-flavour specific (favoured) states are included [2] . It is convenient to normalize each of these branching fractions to the B − → D 0 π − rates (highly suppressed contributions from B − →D 0 π − can be neglected). In this way some systematic effects can be removed, and additionally the branching fraction ratios B (B → DK) /B (B → Dπ) can be used to test the factorization hypothesis. Defining the double ratios R ± as
it is again a matter of mere trigonometry to derive
Since
can be seen that there are three independent measurements and three unknowns (R DK − , δ DK − , φ 3 ) and hence there is enough information to extract φ 3 . An eight-fold discrete ambiguity remains, however [3] .
A remaining problem with this technique is that the size of the CP violating observable depends on the size of R DK − . As the b → c transition is colour-allowed whilst the b → u transition is colour-suppressed, early predictions for this value were O (0.1). Since the observation of larger than expected colour-suppressed decay amplitudes [4] , these predictions have been revised upwards, and an optimistic estimate is now O (0.2) [5] .
Note that the formalism above has neglected possible effects from CP violation and mixing in the D sector. A more thorough treatment can take such effects into account [6] . Fig. 4 . The results are summarized in Table 1 . No significant CP asymmetry has yet been observed in these modes. It is clear that substantially larger data sets will be required in order to measure φ 3 .
B
Note that a number of similar decay modes, which can be denoted generically as
CP K ( * )− , can be used for essentially the same analysis. However, these tend to have smaller reconstruction efficiencies, and so smaller yields are obtained, increasing the statistical error in these modes.
B − → DKπ
A recent extension to the above method involves considering the entire Dalitz plot of B − → D CP K − π 0 decays [10] . Non-resonant contributions can be produced by colourallowed transitions of both b → c and b → u. Therefore, the ratio of amplitudes R DKπ is expected to be large, resulting in augmented interference effects. However, the B − → DKπ Dalitz plot is likely to be dominated by resonances, and the non-resonant contribution may be rather small. The expected resonant structures include
The first two have the b → u transition colour-suppressed, exactly as before; the latter is a pure b → u transition. Hence, if the Dalitz plot is dominated by these resonances, it appears that there is no large improvement over the quasitwo body analysis, although interference between D * CP K − and D CP K * − may help to resolve ambiguities. If, however, there is a large non-resonant component, or at least that there is some reasonably well-populated region of the Dalitz plot with a large value of R D CP K − π 0 , this method will allow extraction of φ 3 with only a single ambiguity. Data analysis will reveal whether this condition is satisfied.
The ADS Method
One variation of the GLW method, proposed by Atwood, Dunietz and Soni (ADS) [11] , makes use of the doubly Cabibbo-suppressed D decays which prevented the measurement of R DK − . As previously noted, the contributions to
− are expected to be similar in size, and therefore the CP asymmetry may be O (1). Whilst additional information will be needed to extract the value of φ 3 , a measurement of nonzero CP asymmetry in such a mode would be a clear signal of direct CP violation. Unfortunately, these modes are rather rare, and to date none have been observed. However, it may be possible to increase statistics by using inclusive D decays of the form
2.5B 0 → DK ( * )0
Another alternative can be found by considering neutral
are both colour-suppressed, leading to a value of R DK ( * )0 as large as 0.4 [13] . In the case that K * 0 → K − π + , the flavour of the kaon is tagged by its decay products. Therefore, precise measurements of the rates and CP asymmetries forB 0 → D ±K * 0 and of the rates for B 0 → D 0K * 0 andB 0 →D 0K * 0 will allow extraction of φ 3 [14] . When the final state includes K S → π + π − the contributions from B 0 andB 0 decays cannot be disentangled without tagging the flavour of the decaying B. In e + e − B factories, this is achieved by identifying the flavour of the other B in the Υ(4S ) → BB decay [15] , so dilution due to B −B mixing has to be taken into account. An intriguing prospect in this case, is to study the time-evolution of the system [13, 16] 
respectively [17] , using a data sample of 78 fb −1 . Significantly larger data samples will be required for analyses in which the D 0 is reconstructed in a CP eigenstate. However, if the ratio R is large, as expected, the observation ofB 0 →D 0K * 0 should soon be within the reach of the B-factories.
Multibody D Decays
Recently, another possible method to extract φ 3 from the interference between B − → D 0 K − and B − →D 0 K − has appeared in the literature [18] . Here the D is reconstructed in a multibody final state which can be reached via both D 0 andD 0 decays; a typical example is K S π + π − . At each point in the phase space (Dalitz plot for K S π + π − ) with contributions from both D 0 andD 0 , the interference pattern will be different for B − and B + decays, due to the weak phase φ 3 . The phase space can be analysed in either a model independent manner, in which case additional information will be required from charm factories (ψ(3770) → DD), or with some model dependence introduced by using Breit-Wigner forms for the resonances which contribute to the final state of interest. In the model dependent method, additional information about the variation of the strong phase results in only a single ambiguity.
Note that the structure of such multibody D decays can be studied at B factories using the large samples of D mesons which are tagged by D * + → D 0 π + decays. Indeed, CLEO has performed a Dalitz plot analysis of tagged D mesons decaying to the K S π + π − final state [19] . Their measurement of the relative phase of the doubly Cabibbosuppressed K * + π − contribution provides encouragement that this may, in future, be a feasible method to measure φ 3 .
3 sin (2φ 1 + φ 3 ) from B → DX u
Phenomenology
The discussion up to this point has centered around B → DK decays. However, in each case it is possible to replace the primary kaon with a pion, and the formalism remains unchanged. In general, the effect is that the favoured amplitude becomes more favoured, and the suppressed amplitude becomes more suppressed. Consequently the overall rates increase, but the sizes of the CP violating effects decrease. Hence these methods are generally not effective to measure φ 3 (see, however, [20] Assuming CPT conservation and negligible neutral B meson lifetime difference (∆Γ = 0), the generic timedependent decay rate for a B meson, which is tagged as B 0 at time ∆t = 0, to a final state f is given by [22] 
whilst that for a B meson tagged asB 0 is given by
. 
where the substitution φ w = 2φ 1 +φ 3 has been made. Therefore, a time-dependent analysis of B → D * π can yield measurements of R D * π sin(φ w + δ D * π ) and R D * π sin(φ w − δ D * π ). External information about the value of R D * π is required in order to extract φ w .
Note that the presence of the strong phase δ D * π hinders the measurement of sin(2φ 1 +φ 3 ), adding a fourfold ambiguity. Ideally, a precise theoretical value for this quantity is desired. Whilst this may be wishful thinking, there are some theoretical arguments that strong phases should be small in B → D decays [23] .
It is often said that since sin(2φ 1 ) is measured with good accuracy [15] , a measurement of sin(2φ 1 + φ 3 ) gives the value of φ 3 . This statement is perhaps misleading, since a rather precise measurement of sin(2φ 1 ) may not lead to a similarly accurate value of φ 3 [24] . For example, a constraint of sin(2φ 1 + φ 3 ) > 0.75 leads approximately to 0
• < φ 3 < 90
• . As a corollary, a rather loose constraint, say sin(2φ 1 + φ 3 ) < 0.75, may be able to exclude the Standard Model prediction for φ 3 . It is preferable to think of measurements of sin(2φ 1 + φ 3 ) as providing useful constraints on the Unitarity Triangle in their own right.
Measurement of R D * π
In the formalism above, terms of R [26] . For the same reason, its branching fraction is extremely small, and large data samples will be required to measure it (although the current upper limit of 1.7 × 10 −4 [27] could be dramatically improved with the existing data). An alternative approach uses the decayB 0 → D [27] , averaging the above values for the product branching fraction, and inserting into the equation
2 Evidence for the decayB 0 → D + s K − is also shown; this is only relevant here in that it suggests there may be sizeable contributions from Wexchange, annihilation or rescattering processes, which in turn can affect the extraction of R D * π . As will be discussed later, in the vector-vector final state D * ρ the value of R D * ρ can in principle be extracted for each helicity state. It may be possible to identify the longitudinally polarized component as the equivalent value for D * π.
B → D * π Time-Dependent Analyses
Since the decay B → D * π is amongst the most abundant hadronic B decays, it has been used in a number of analyses at the B factories. BaBar, Belle and CLEO have all used this mode to measure the B 0 meson lifetime τ B 0 and the mixing parameter ∆m. The analysis procedures can be divided into two categories. The first is full reconstruction, where the D is reconstructed in a hadronic final state [31] ; not only D * π but any other similar mode D ( * ) π ( * ) can, of course, be reconstructed in this manner. This technique has the advantage of having very little background, but the efficiency to reconstruct the D is rather low. To improve the efficiency, a technique called partial reconstruction can be employed. Here the decay products of the D are not reconstructed, but the topology of the prompt ("fast") pion and that from D * + → D 0 π + decay ("slow") allow separation of signal from background; clearly this approach can only be used for decay modes including a D * particle. Analyses which use partial reconstruction tend to suffer from large backgrounds. Similar B meson decays, such as B → D * ρ, can mimic the signal distribution, and are often called "peaking background". Additionally, there is a potentially huge combinatorial background, which must somehow be controlled. One approach is to require the presence of a high momentum lepton in the event [32] ; this almost entirely removes background from continuum (e + e − → qq, q = u, d, s, c) processes, and has the added benefit of cleanly tagging the flavour of the other B, at the cost of sacrificing a large pro- portion of the signal yield. Fig. 8 shows the D * π candidate events obtained by Belle using this technique, in an analysis in which the mixing parameter is measured to be ∆m = 0.509 ± 0.017 ± 0.020 ps −1 [33] . Another is to try to separate signal from background from the topology of the final state particles which are not used in the reconstruction. Depending on the precise selection, this approach may retain a larger signal yield, with the price inevitably being larger backgrounds and less clean tags. Fig. 9 shows the D * π candidate events obtained by BaBar using this technique [34] , in an analysis in which the neutral B meson lifetime is measured to be τ B 0 = 1.510 ± 0.040 ± 0.041 ps.
It should be noted that these techniques produce samples which are approximately independent. Furthermore, each has different systematic effects. Therefore, these techniques can be considered as complementary.
From Eqs. 7-10, it can be seen that non-zero sin(2φ 1 + φ 3 ) results in a small sin-like term in the time-evolution of the state. Rewriting cos(∆m∆t)−ǫ sin(∆m∆t) ≈ cos(∆m∆t+ǫ), it is apparent that a small shift in the measured vertex positions, from which ∆t is extracted, can mimic CP violation. At the asymmetric e + e − B factories, a vertex shift of a few microns can have an effect of a similar magnitude as that expected of CP violation. An additional complication is that tagging information is often taken from hadronic B decays with the same quark-level process as D * π. Therefore, these hadronic tags exhibit tag-side CP violation, which can be as large as that on the signal side [35] . In spite of these difficulties, first results on sin(2φ 1 + φ 3 ) are anticipated this summer. 
B → D * V Decays
Decays of the type B → V 1 V 2 , where V 1,2 represent vector mesons, have contributions from each of the three possible helicity states [36] . The interference between these amplitudes results in additional observables which are sensitive to CP violation [37] ; in particular in B → D * ρ (or B → D * a 1 ) decays, it may be possible to extract sin(2φ 1 + φ 3 ) without prior knowledge of R D * ρ . In fact, since there are three helicity states, there are three values for R D * ρ and δ D * ρ . Taking into account the relative amplitudes and phases of these contributions, there are in total 11 parameters which can, in principle, be extracted from the time-dependent angular analysis of these decays.
A first step towards such an analysis is to measure the polarization of B → D * ρ decays; this has recently been done by CLEO [38] . They measure the fraction of longitudinally polarized component Γ L /Γ = 0.892 ± 0.018 ± 0.016
This is illustrated in Fig. 10 .
Whilst time-dependent angular analyses of B → VV decays, such as B → J/ψK * 0 , are starting to appear [39] , until now a more popular approach has been to measure the CP content from the polarization [40] . It may be possi-ble to take a similar approach for B → D * ρ and B → D * a 1 decays. This would be extremely beneficial for analyses in which the final state is partially reconstructed, since these techniques tend to result in rather poor angular resolution. BaBar have used partial reconstruction to reconstruct both D * ρ [34] and D * a 1 [41] , obtaining impressive signal yields (18400 ± 1200 D * a 1 events from a data sample of 20 fb −1 ) but with large backgrounds. It will be highly challenging to extract sin(2φ 1 + φ 3 ) from these samples. Note however, from a pessimistic viewpoint, that there is as yet no proof that any of the above methods will succeed! It may be pragmatic to take a more patient approach and consider what will be possible by the time the e + e − B factories accumulate 1000 fb −1 each. With such large data sets, each of the methods described above should be able to provide a useful constraint. Provided that nature has not been unkind in her choice of strong phases, direct CP violation in B decays will be established. Furthermore, the experimental evidence itself will indicate which methods are the most promising to precisely measure φ 3 and to limit possible ambiguities, which can also be achieved taking advantage of the redundancy of measurements. Finally, in such a time scale, hadron colliders will be providing measurements of B (s) → D (s) X decays, which can be used in a number of ways to measure φ 3 .
Summary and Prospects
